Abstract: Construction of road infrastructure is fundamental to city operation and development, as well as an important pathway and focus in physical urban-rural integration. The long-term implementation of a system of ring roads plus radiating roads in Beijing has strongly impacted urban infrastructure construction and space-time accessibility. Particularly, recent rapid growth of private car ownership in Beijing has imposed greater loads on its road system, seriously hampering urban commuting efficiency and negatively impacting quality of life. To address such challenges and enhance the rapid development of transport infrastructure, Beijing has accelerated rail transit construction since 2008 in an effort to improve commuting capacity. This paper aims to measure time accessibility and its spatial characteristics in urban areas of Beijing by applying a comprehensive method that combines vector and raster attribute data generated from road network and subway transport infrastructure. By using a dual index of accessibility and road density, the study further reveals the features of and differences in spatial accessibility and the construction of road systems in urban areas of the northern and southern parts of Beijing. The findings of this study can provide a scientific basis for future urban planning and road system construction both in general and with respect to Beijing, given its aspirations to become a world city.
Introduction
Transportation accessibility describes the degree of convenience of travel from one location to another, and involves measuring the closeness of markets, the comprehensiveness of an economy, and access to places of employment (Li and Lu, 2001) . Current research on traffic accessibility has focused on its assessment, accessible spatial patterns and their evolution, the influence of accessibility on the development of the regional economy. Research has also focused on high-speed road networks (Dupuy and Stransky, 1996; Li and Shum, 2001) , city ring roads (Linneker and Spence, 1996) , railway networks (Murayama, 1994; Jin and Wang, 2004; Wei and Cong, 2004) , aviation infrastructure (Bowen, 2000) , and city or regional road networks (Cao and Yan, 2003; Zhang and Lu, 2006; Lie and Shao, 2008, Jin et al., 2009) . The city discussed in the present study, Beijing, has a high-speed road network, city ring roads, subway and aviation networks, and both city and regional road networks. The main measurement index applied to traffic accessibility is transportation cost (namely, the factors hindering movement between two points), which has three main aspects: distance (Keeble et al., 1988) , time (Lutter et al., 1992; Bruinsma 1993; Geertman et al., 1995; Gutiérrez and Urbano, 1996) and general transportation cost (Linneker and Spence, 1992; Spence and Linneker, 1994) . When attempting to simulate or approximate reality as well as considering maneuverability, scholars mainly choose time as the index of measuring traffic accessibility (Gutiérrez, 2001) . While many studies discuss lack of accessibility, few analyze the socioeconomic factors that influence the distribution of accessibility. Moreover, few studies use regional heterogeneity analysis and a comprehensive analysis of transportation infrastructure to generate the time accessibility and spatial difference.
Based on the above considerations, this paper measures time accessibility within the Sixth Ring Road of Beijing by integrating raster and vector data. It then applies isochronal methods to comprehensively analyze the accessibility and spatial characteristics of Beijing's regional road network, and identifies the basic relationships between the city expressway and the accessibility features of Beijing. Finally, based on the density evaluation of the township zoning road, the use of the double index of accessibility and road density further reveals the features of spatial accessibility and road infrastructure construction, as well as their different levels of prevalence in the northern and southern parts of the city. A zoning study is also performed on township-level divisions within the urban area of Beijing. Based on the time accessibility, we analyzed regional land use and the relationships between regional land use efficiency and location factors in each type of land use since 2008. We also identified the regional difference in location factors, to provide a scientific basis for future urban planning and road system construction for Beijing Municipality.
Research areas and methods

Study area
The study area comprises a total of 162 street (township) units in eight core functional areas and functional development districts in the municipality of Beijing as well as urban parts of Tongzhou, Changping and Shunyi (all suburban districts of Beijing) (Figure 1 ). For convenience of analysis, this study adopted the old administrative divisions of Beijing and divides the study area into two main parts, the northern urban area (NUA) and the southern urban area (SUA) with the Line 1 subway serving as the dividing line (in administrative terms, the core area of Beijing currently comprises Dongcheng, Xicheng, Xuanwu and Chongwen, see Figure 1 ). This division is not only consistent with the basic understanding of the traditional geographical scope of Beijing, but can also help identify regional differences in accessibility and infrastructure. 
Data sources
The road system of Beijing can be divided into expressways, arterial roads, secondary roads and branch roads (Reng et al., 2003) , the city expressways and arterial roads bear most of the city's road traffic load. To describe accessibility in a global city, our study also considers the influence of the subway on commuting in Beijing. Because of the particularity of the subways, vector data and other road data are used together. Finally, we obtained a spatial pattern map of accessibility in Beijing based on the two accessibility evaluation results.
Regarding different road speed standards, Beijing's heavy traffic necessitates a comprehensive evaluation of road transport attributes: that is, both rush hour and non-rush hour traffic should be evaluated, compared, and comprehensively considered. Analysis of Beijing Traffic and Economic Operations for 2007 reported average road speeds in Beijing during peak times. Within the Fifth Ring Road, during morning rush hour the average speed for expressways was 31.2 km/h while that for trunk roads was 20.5 km/h. During the evening rush hour, the average speed for expressways and trunk roads was 26.7 and 18.4 km/h, respectively. The average speeds for all road types during outside of rush hour were as follows:
expressways, 70 km/h; arterial roads, 50 km/h (Xu et al., 2008) ; and state roads, 60 km/h (Yang et al., 2004) . This paper calculated overall road speed as the average of rush hour and non-rush hour road speeds (Table 1) . The designed maximum speed of Beijing's subway trains ranges from 100 to 140 km/h (Shi et al., 2003) , but the speed of actual operations generally does not exceed 80 km/h (Nong, 2003) . In this paper, with the help of the inquiry function for subway lines and time provided by the website (www.go2map.com), we randomly selected the initial and terminal stations of different subway lines and obtained related routes and associated travel times. Finally, we obtained the average speed of the subway lines. As shown in Table 2 , the average speed of the subways is 31.31 km/h. Additionally, the study considers the influence of urban public space on road time cost, and sets the grid range time cost of public spaces (such as parks and green spaces) to 1 h, as they may be considered obstacle spaces. The speed for other blank areas (such as spaces without roads and barrier free spaces) is set to 10 km/h and spatial data is obtained from the 2012 road traffic map (Figure 2 ). The traffic map is generated by matching the road map from the Beijing City Master Plan (2004 Plan ( -2020 with maps from Google Earth (using images registered in December 2012) and digitalizing the result.
Time accessibility measurement
To calculate the regional wide comprehensive accessibility of the full space and take into account the jumping operation mode of the subways, this paper adopts a combination of network analysis and cost-weighted distance analysis (Jiang et al., 2010) . The specific method is as follows:
(1) Generate a road raster map with subway station information. Specify the center, also known as the source, o. (2) Based on the analysis of the cost-distance algorithm, the time cost t op of computing the route from the center to any point p, namely time A oi , is calculated for a subway station i.
(3) Through network analysis, calculate the shortest time distance B ij from one site to other sites.
(4) After the calculation on the subway, the shortest time C oi was calculated between the central point to each subway station. The specific method is as follows: first, identify the point closest to the center (site 1), and put it into the sequence R={C o1 } where C o1 =A o1 . Then find the next closest point to the center (site 2), compare the A o2 of this site and the shortest time between all the sites and this site by network analysis, B 12 +C o1 , then solve the smaller time distance and include it in the sequence R={C o1 , C o2 }. Find the third nearest site, that is, C o3 =min{A o3 , B 13 + C o1 , B 23 + C o2 }. Continue applying this method until the shortest times to the center have been determined for all sites.
(5) Calculate the grid time cost of travel from each subway station to the full space and the time costs for travel from corresponding points to the full space, and get N diagram layer: E 1 , E 2 , …, E N , and T 1p , T 2p , …, T Np , respectively.
(6) Calculate the shortest travel time between the center and all of the empty points T op . That is,
Results and analysis
The basic characteristics of space accessibility
From time accessibility map of various streets in urban areas of Beijing (Figure 3) , there is an obvious trend whereby accessibility decreases with increasing distance from the center. However, traffic exerted a varying effect on changes in accessibility. The NUA has better accessibility than the SUA. This is mainly because of the densely distributed subway line in the north. Taking the core area as an example, Dongcheng (eastern) and Xicheng (western) have the highest accessibility, with average accessibility values of 0.22 and 0.23 h. In contrast, though Chongwen and Xuanwu are also in the core area with good accessibility, their scores were lower than those for the eastern and western parts of the city, with average accessibility values of 0.24 and 0.28 h, respectively. Overall, the NUA stretches further outward than the SUA, and the accessibility time is the same for both regions. Additionally, in the SUA, accessibility degree varied with traffic. For example, influenced by subways Line 4 and Line 5, the accessibility of the SUA is affected by the streets (same as townships) extending from places superior to those around them. 
Accessibility isochronal analysis
To analyze the spatial distribution characteristics and differences of accessibility, we used a global accessibility graph to generate an isochrome map with several contours and time values of 0.25, 0.5, 1, 1.5 and 2 h, respectively (see Figure 4) . The contour lines follow a concentric pattern. A single contour may appear obviously stretched owing to the influence of divergent expressways and subway lines. The spatial distribution of the 0.25 h contour is the same as that of the Second Ring Road. This contour extended along subway Line 1 in the east-west direction, and along subways Line 4 and Line 5 in the north-south direction. The spatial pattern of accessibility is influenced by the subway distribution, and its coverage is narrow. Accordingly, in the north-south direction, the 0.25 h contour line shows a significant depression between subways Line 4 and Line 5, which may be interpreted as evidence of the subway's contribution to accessibility. The Fourth Ring Road and the 0.5 h contour line share approximately the same spatial layout. Influenced by the subway lines and the city divergent expressway, the Fourth Ring Road follows a rounder line than the 0.25 h contour line, which is also due to the gradual increase of the radial road. The 1 h contour line encompasses almost the entire Beijing subway system, except for the airport line, the northern terminus of subway line No. 5 (Tiantongyuan), the western terminus of Line 1 (Pingguoyuan), the eastern terminus of the Batong Line (Tuqiao) and the northern terminus of Line 4 (Anheqiao). The southern end of the 1 h contour line thus is not influenced by the subway, whose spatial outlay basically covers the same areas as the southern Fifth Ring Road. In contrast, in the NUA of Beijing, as a result of Line 13, Line 4, Line 5 and the Airport Line, the northern extremity of the contour line lies beyond the northern segment of the Fifth Ring Road. This difference highlights the characteristics of the infrastructure of the NUA of Beijing, especially the impact of rail transit construction on the regional development environment. It also explains why Beijing residents prefer to settle in the northern part of the city. The trend of the 1.5 h contour line approximately follows that of the Sixth Ring Road. The main areas of difference are directional tensions along certain expressways, while other areas display depressions. The 2 h contour line was scattered around the peripheral parts of the study area, and extends only a limited distance beyond the 1.5 h contour line.
There is strong consistency between each time contour and the lines of the city ring roads, with the exception of the difference between the 1 h contour and the Fifth Ring Road. The coverage areas of the 0.25, 0.5, and 1.5 h contour lines closely approximate those of the Second Ring Road, Fourth Ring Road and Sixth Ring Road, respectively. The northern ends of subways Line 13, Line 4 and Line 5 considerably extend the northern extremity of the 1 h contour line, while Line 1 and the Batong Line have the same effect on their respective eastern end. Other regions overlap well and consequently the coverage of the 1 h contour line is nearly twice that of the Fifth Ring Road. The same time line is many times longer than the loop length, because from the micro perspective, the types, levels and distribution difference of the traffic infrastructure caused the difference in accessibility, creating the contour of a roundabout with wrinkles. The spatial distributions of temporal contour lines characterize the farthest distance that can be reached in a given time. Here we study the spatial distribution of the contour lines to identify the main regions traversed by the lines, as shown in Table 3 . 
Time accessibility and road density distribution
To investigate the relationship between time accessibility and infrastructure construction, the township-level (or street-level) road densities were calculated, as shown in Figure 5 . The formula is as follows: ρ=d/s, where ρ denotes the density value of township roads, d is the total length of the township roads, and s is the area of the administrative township divisions. The area with the highest township road density is the Wanliu Land Plot of Haidian District, with a road density of 109.30. Meanwhile, the area with the lowest density of township roads is Xingshou Town in Changping District, which has a road density of only 0.18. Owing to zoning adjustment, the administrative area of Wanliu is only 0.2 km 2 , having exaggerated road density. Xingshou town is located outside the Sixth Ring Road, and is not located near other high-speed roads, so its road density is much lower. Using the Nature Break method to measure road density, the various areas surveyed can be divided into four grades based on the road density assessment results ( Figure 5 ). The first grade comprises 10 villages and townships (or street-level), three of which belong to the SUA. Meanwhile, the NUA has seven villages and towns. The second grade includes a total of 34 villages and towns, of which the SUA contains 16 and the NUA contains 18, accounting for 47.06 and 52.94% of the total, respectively. The third grade contains a total of 59 villages and towns, of which the SUA has 11 and the NUA has 48, accounting for 18.64% and 81.36% of the total, respectively. The fourth grade contains a total of 59 villages and towns, of which the SUA has 24 (40.68%), while the NUA contains 35 (59.32%). Overall, road density in Beijing displays a similar pattern to time accessibility, namely gradual peripheral decay. The road density in Beijing's core functional area significantly exceeded that in its outlying townships. Furthermore, infrastructure construction differed substantially between the NUA and SUA. In the SUA, the first to third grade road density of townships accounts for 55.56% of the total region's area, while in the NUA, the equivalent figure is 67.59% (Figure 6 ). Taking road density as the abscissa and time accessibility as the ordinate, we generate a scatterplot of the study area, as shown in Figure 7 . We selected 1 and 0.8 as the high and low thresholds for road density and time accessibility, allowing the classification of townships into four types by combining any two. The four types are as follows: (1) (ρ≥1&T≥0.8), good internal road infrastructure but poor accessibility to the center; (2) (ρ<1&T≥0.8), poor road infrastructure and poor accessibility to the center; (3) (ρ<1&T<0.8), poor road infrastructure but good accessibility to the center; (4) (ρ≥1&T<0.8), good internal road infra-structure and good accessibility to the center.
As shown in Figure 8 , the first type of units (towns, townships, streets) are all distributed outside the Fifth Ring Road and contain no subway stations, so time accessibility is poor. However, as units in this type are distributed along the city's main highways and high-speed roads, and are mostly located in the centers of towns and suburban districts in Beijing. The relative complete urban road construction makes the road density value relatively high. The second type of units is widely distributed outside the Fifth Ring Road. Far from the downtown districts and county centers, both time accessibility and road density values are low for these townships. The third type of units is mainly distributed within or along the Fifth Ring Road, and is mostly located around subway stations, and hence has good accessibility. However, road infrastructure construction in these locations is still inadequate compared with those in city center, so these locations have good accessibility and low road density. Notably, Donghua Gate Street is an example of a street that is located in the center of Beijing, but the area also includes the Forbidden City, Tiananmen Square and other large protected areas, all of which limit city construction according to policy restrictions. The fourth type of units is concentrated in the city center and near subway lines. The core area of the city has superior road infrastructure, and the convenient rail transportation considerably reduces commuting time. Such areas mainly extend along subway Line 1 and display consistency in their east-west extension. Conversely, the distribution difference is large in the north-south direction, and that in the southern extension is especially obvious. Taking subway Line 1 as the boundary, further investigations were conducted for the distribution numbers and areas, and revealed that the NUA and SUA differ significantly in terms of accessibility and road infrastructure construction (Figure 8) .
The numbers of units belonging to the first type in the SUA and NUA are 6 and 12, respectively, accounting for 11.11% and 11.21% of the total number of units in their respective region, and 7.78% and 10.34% of the total area of each region. The difference between the SUA and NUA in terms of this type of units is not big, but this may also reflect the differences in spatial disparity between the two regions. The numbers of the second type of units in the SUA and NUA are 19 and 25, respectively, accounting for 35.19% and 23.36% of the total number of units in each region, and 75.53% and 64.27% of the total area of each region. In the SUA, units belonging to the second type comprise 75.53% of the total number, which reflects infrastructure construction in large swathes of the southern part lagging behind that in the northern under poor accessibility conditions. The number of units belonging to the third type are 4 and 8 in the SUA and NUA, respectively, accounting for 7.41% and 7.48% of the total number of units in each region, and 10.66% and 8.95% of the total area of each region. Additionally, in terms of area, units of the third type occupy nearly 1.5% more of the SUA than the NUA, highlighting the poor condition of infrastructure construction. Such units are mainly distributed in the SUA, because this region is linked to the city center by few subway stations. However, improvement is needed in overall road construction in this part of the city. The numbers of the fourth type of units in the NUA and the SUA are 25 and 62, respectively, accounting for 46.30% and 57.94% of the total number in each region, and 6.03% and 16.44% of the total area. The accessibility of the SUA is poor and good road facilities in the SUA lag behind those for the whole study area by nearly 10 percentage points. The distribution pattern of the units exhibits a concave pattern in the NUA and a convex pattern in the SUA, with these patterns following the subways in each case (Figure 9 ). 
Analysis of urban land partition
Location factors are closely linked to the value of urban land (Du and Xu, 1997) , with location being the factor affecting land plot value (Northam, 1978) . According to geographical scale and regional heterogeneity, location factors can be divided into macro-location factors, meso-location factors and micro-location factors. Macro-location factors relate to the accessibility between a city and its surrounding areas as well as external links, and denote the positioning of urban location on a national or inter-regional scale. Meso-location factors denote the difficulty of reaching the city center from each area of a large city, and are especially important for a single-center city with super agglomeration. Micro-location factors denote the convenience of reaching the micro-geographical area from adjacent areas. Road intensity is an important indicator of traffic conditions. Generally, road density represents the complete extent of regional basic infrastructure construction, as well as the convenience of traffic condition, and thus characterizes microscopic location factors. This study takes Beijing city proper as the study area, and so meso-and micro-scale studies are more suitable, which should primarily be considered the meso-and micro-location factors that affect the level of the premium and decide land use efficiency, including characterization using time accessibility and road density. Based on the two indexes, starting from the different types of regional areas, this study analyzed the relationship between land use efficiency and location factors, identified the regional difference of location factors of land use efficiency and explained their causes. This study thus provides a scientific basis for future urban planning and road system construction for Beijing.
According to regional road density and time accessibility, we perform comprehensive division and measure the relationships between the land price and the two major indicators in different types of regions that are divided by road density and time accessibility, as shown in Table 4 . The land price of the first type of the region is significantly correlated with the first class road density, and the correlation with time accessibility to the city center is not significant. The first type of the region is Beijing New City, within the Sixth Ring Road, which has excellent public services that are second only to those in the city center, making the premium level and micro-regional factors more relevant. To some extent, this study also proved that urban land price does not necessarily decrease with increasing distance from the center, and confirms the reasonable premium decay curve of the "wave" and "tail" phenomenon from the regional perspective. As we continue to improve commuting time between the center and the new suburban areas, we should attach more importance to micro-scale regional construction such as new infrastructure and public services. Such an approach gives full play to the function of the new city in undertaking industrial transfer, as well as population agglomeration, ecological construction and improvement of the radiation capacity of the subway system and relief of the central pressures of urban employment, transportation and public service. Land price for the second type of the region and time accessibility are negatively correlated, but the correlation coefficient for minimum absolute value is the lowest among the four types. Additionally, land price and road density have no significant correlation. The second type of the region is widely distributed outside the Fifth Ring Road, and sufficient land supply has made this area the main focus of exploration. According to statistics, of the 415 plots sold since 2008 in the study area, 75.9% were located in the second type of the region. Additionally, up to 61% of residential land and 95% of industrial land are located in this region, and therefore we can say that land development in Beijing city proper is gradually entering the fifth ring. As the political and cultural center of China, the economy of Beijing is growing around 10% annually and its resident population is increasing at a rate of 604,000 people per year. In the midst of this growth, land resources remain the foundation of all economic and social activities. When improving the accessibility of this region and the city center, we should take strategic advantage of industrial structure upgrading, pay attention to the investment direction and intensity of land factors, and avoid the weird cycle of "living unipolar development" and "traditional industry extensive expansion". Conversely, we should advocate the development route of supporting infrastructure construction, and of coordinating population growth with industry at the regional level. 
Conclusions and discussion
Some conclusions can be drawn as follows.
(1) The obvious "core-periphery" model can be solved by analyzing the current spatial structure of accessibility in the streets. Some differences can also be seen in the spatial structure of accessibility. Taking subway Line 1 as the boundary, the NUA has superior accessibility to the SUA, mainly because metro line distribution is denser in the north.
(2) Time contours largely coincide with urban loops. The 0.25, 0.5 and 1.5 h contour lines coincide with subway Line 2, Line 4 and Line 6, respectively. The exception to this pattern is the 1 h contour line.
(3) According to composite indicators, including road density and time accessibility, the townships (streets) can be divided into four types. The first type units are mainly located in central city areas with relatively high road density located in suburban counties; the second type are located far from the city center and district centers and account for 75.53% of the SUA. This means that the infrastructure of southern Beijing lags behind that of northern Beijing. The range with good accessibility is 10% larger in area in northern Beijing than in southern Beijing.
(4) Based on the division of the four types of townships and the data for land market transactions in Beijing for the entire sample area since 2008, the differences in the relationship between land use types and land-effectiveness and geographical factors among the four regions are revealed, and provide a reference for construction planning in different regions.
Regarding the first type, regional infrastructure is a priority in terms of reducing the pressure of traffic, public service and employment in central Beijing. For the second type of region, industrial and residential layouts should be strengthened. In the third type, accessibility to the city center should be strengthened to alleviate tidal employment commuter population pressure. Finally, the priority for the fourth type lies in rational planning of commercial land.
The implementation of "the adjustment of the capital core function area", continuously encrypted subway lines and "promotion of the city's southern regions to accelerate the development of the Action Plan", will further improve and optimize time accessibility in Beijing. Meanwhile, infrastructure differences between the SUA and NUA will be gradually diminished. The integrated assessment model has a significant advantage in understanding spatial features of time accessibility and in dividing regional patterns based on composite indicators, including time accessibility and road density. The adjustment of urban spatial structure induced by transport infrastructure construction will be the focus of future research.
